Benzene was mineralized to CO2 by aquifer-derived microorganisms under strictly anaerobic conditions. The degradation occurred in microcosms containing gasoline-contaminated subsurface sediment from Seal Beach, California, and anaerobic, sulfide-reduced defined mineral medium supplemented with 20 mM sulfate. Benzene, at initial concentrations ranging from 40 to 200 ,uM, was depleted in all microcosms and more than 90o of '4C-labeled benzene was mineralized to 14Co2.
Benzene, a proven human carcinogen (5) , is a frequent groundwater contaminant as a result of gasoline and diesel fuel spills into the environment (5, 15, 23) . Natural or enhanced biodegradation in situ is a mechanism for remediation of contaminated sites, and benzene and other aromatic hydrocarbons are amenable to bioremediation when oxygen is available or supplied (19) . Although benzene is rapidly mineralized in aerobic environments (12, 26) , the fate of benzene under anaerobic conditions is not well understood. The anaerobic biodegradation of benzene appears to be mediated by exceptionally fastidious organisms, and conclusive evidence demonstrating complete degradation of benzene in subsurface sediments is lacking. Anaerobic environments contaminated with hydrocarbons are widespread (30) , and a fundamental understanding of the processes occurring at these sites is necessary to design effective management and remediation strategies.
The anaerobic degradation of some alkylbenzenes, including toluene and xylenes, is now widely accepted. This degradation has been observed in the field (4, 17, 23, 24) and demonstrated in the laboratory with a variety of different electron acceptors (1, 2, 7-11, 14-16, 18, 20, 31) ; pure cultures that can grow on toluene in the complete absence of oxygen have been isolated under denitrifying (6, 9, 25) and iron-reducing (21) conditions. In contrast to the numerous studies documenting anaerobic toluene or xylene degradation, only a few studies have presented evidence of benzene transformation under anaerobic conditions. The reported degradation of benzene is slow (28) (29) (30) or incomplete (28) , and long lag times may precede the onset of degradation (30) . One study reported that benzene was degraded under denitrifying conditions, but not under methanogenic conditions (22) . In some cases, the possibility that molecular oxygen was involved in the apparent anaerobic degradation of benzene could not be excluded (22, 28) . The most detailed study to date demonstrated that benzene was degraded via phenol to methane and carbon dioxide by a mixed methanogenic culture; however, this culture was derived from sewage sludge, not from sediment (13, 27) . In Fig. 1 .
14C-benzene (19.3 mCi/mmol; Si ma) was used to confirm the mineralization of benzene. The 4C activity in the volatile (i.e., benzene), nonvolatile (i.e., cells and nonvolatile intermediates), and CO2 fractions of samples from 14C-benzeneamended microcosms was measured as described by Grbic- Galic and Vogel (13) . 14C activity was determined on a Tri-Carb model 4530 scintillation spectrometer (Packard Instrument Co., Downers Grove, Ill.). Two active microcosms and the sterile control microcosm were amended with 14C-benzene. Microcosms 1 and 6 (sterile) were spiked with 70,000 dpm/ml at an initial benzene concentration of about 95 p.M. Microcosm 2 was spiked with 160,000 dpm/ml at an initial benzene concentration of about 400 p.M. In microcosm 1, approximately 90% of the label from benzene was retrieved in 14CO2 ( Fig. 2A) . No 14CO2 was formed in the sterile microcosm (Fig. 2B) . In microcosm 2, ca. 90% of the 14C-benzene degraded was recovered as 14CO2, although the rate of degradation was about an order of magnitude slower than in microcosm 1, most likely as a result of the higher initial benzene concentration (data not shown). The terminal electron acceptor for this process has not yet been established, although sulfate is a likely candidate. There was no nitrate in the sediment or in the medium, eliminating the possibility that nitrate was the electron acceptor. Some methane was produced in each active mi-crocosm (0.3%7c + 0.1% in the headspace); however, this amount of methane is equivalent to about 5%7c of the benzene actually degraded in these microcosms. In addition, the amount of CO2 formed from benzene (90% CO2) in the radiolabeled experiment is more consistent with sulfate reduction than methanogenesis, because during methanogenesis 62.5% of the carbon from benzene would theoretically be catabolized to methane and only 37.5% would be catabolized to CO2 (13) . The sulfate concentration in active microcosms appeared to decrease slightly relative to the sterile control, from 20.0 to 19.5 ± 0.3 mM. This change in concentration (from 20 to 19.5 mM) is consistent with the theoretical amount of sulfate that would be consumed if all of the electrons from 140 p.M benzene were used to reduce sulfate to sulfide. Such small changes in sulfate concentration were difficult to measure, and hence the measured decrease in sulfate concentration was not statistically significant (ni = 4; P . 0.05). Finally, it was demonstrated previously that sulfate was the terminal electron acceptor for toluene and xylene degradation in similar microcosms with the same source of inoculum (i.e., Seal Beach sediment) (8) . Therefore, we believe that sulfate was probably the electron acceptor, although it is not possible at this time to exclude the possible role of CO2 or oxidized metals present in the sediment as electron acceptors in the degradation of benzene. We also cannot exclude the possibility that sulfate was depleted as a result of the oxidation of unknown electron donors present in the sediment.
In this study, we have shown that a subsurface microbial community can degrade benzene under strictly anaerobic conditions. Care was taken to exclude any possible involvement of molecular oxygen in the degradation of benzene. The complete mineralization of benzene to carbon dioxide was confirmed by using '4C-labeled benzene. The rates of degradation varied from 0.36 to 3.7 .M/lday, depending on substrate concentration and on the presence of other carbon sources (toluene). This study stresses the importance of environmental conditions, notably the presence of alternate substrates, on the observation of metabolic activities and may help to explain the varied results seen in the literature on the anaerobic biodegradability of benzene. 
